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[11 The influence of mixed-phase stratiform clouds on the surface shortwave irradiance is
examined using unique spectral shortwave irradiance measurements made during the
Indirect and Semi-Direct Aerosol Campaign (ISDAC), supported by the U.S. Department
of Energy Atmospheric Radiation Measurement (ARM) program. An Analytical Spectral
Devices (ASD, Inc.) spectroradiometer measured downwelling spectral irradiance from
350 to 2200 nm in one-minute averages throughout April-May 2008 from the ARM
Climate Research Facility’s North Slope of Alaska (NSA) site at Barrow. This study
examines spectral irradiance measurements made under single-layer, overcast cloud decks
having geometric thickness < 3000 m. Cloud optical depth is retrieved from
irradiance in the interval 1022—-1033 nm. The contrasting surface radiative influences
of mixed-phase clouds and liquid-water clouds are discerned using irradiances in the
1.6-pym window. Compared with liquid-water clouds, mixed-phase clouds during the
Arctic spring cause a greater reduction of shortwave irradiance at the surface. At fixed
conservative-scattering optical depth (constant optical depth for wavelengths A <1100 nm),
the presence of ice water in cloud reduces the near-IR surface irradiance by an additional
several watts-per-meter-squared. This additional reduction, or supplemental ice
absorption, is typically ~5 W m > near solar noon over Barrow, and decreases with
increasing solar zenith angle. However, for some cloud decks this additional absorption
can be as large as 8-10 W m 2.

Citation: Lubin, D., and A. M. Vogelmann (2011), The influence of mixed-phase clouds on surface shortwave irradiance during

the Arctic spring, J. Geophys. Res., 116, DO0T05, doi:10.1029/2011JD015761.

1. Introduction

[2] The Indirect and Semi-Direct Aerosol Campaign
(ISDAC) of April 2008, supported by the U.S. Department of
Energy Atmospheric Radiation Measurement (ARM) and
Atmospheric Science programs, provided a new data set on
microphysical processes of clouds and aerosols for the
springtime Arctic that is unprecedented in its completeness
and sophistication. A Convair 580 research aircraft operated
by the National Research Council of Canada, flew 27 suc-
cessful sorties in a single month, carrying 42 separate instru-
ments sampling atmospheric dynamics, cloud microphysics,
and aerosol microphysics and chemistry [McFarquhar et al.,
2011]. Many of these aircraft measurements could be co-
located and intercompared with continuous radiometric and
remote sensing data provided by the ARM Climate Research
Facility’s North Slope of Alaska (NSA) site at Barrow, Alaska
[Stamnes et al., 1999].
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[3] One major goal of ISDAC was to foster improvements
in the paramaterization and simulation of mixed-phase
clouds [e.g., Fridlind et al., 2007; Gettelman et al., 2010]. In
turn, a prime motivation for better understanding of mixed-
phase cloud microphysics is to understand how the fre-
quently Arctic stratiform mixed-phase clouds regulate
shortwave radiation at the surface and influence sea ice and
the ice-albedo feedback [Perovich et al., 2008]. We there-
fore participated in ISDAC by deploying a shortwave
spectroradiometer at the NSA site. Using spectral mea-
surement of shortwave surface downwelling irradiance at
both visible and near-infrared (near-IR) wavelengths, we
hope to quantify the contrasting roles of liquid water and ice
in governing cloud optical properties, where these roles are
ultimately related to differences between the complex
refractive indices of water versus ice.

[4] Our springtime deployment of a shortwave (visible
plus near-IR) spectroradiometer is an example of new
spectroscopic techniques being applied to the study of
Arctic clouds, aerosols, and climate [e.g., Ehrlich et al.,
2008; Grenfell and Perovich, 2008; McBride et al., 2011],
and high altitude ice clouds in the tropics [e.g., Baran and
Labonnote, 2007; Kindel et al., 2010]. In a program most
similar to ours, Grenfell and Perovich [2008] deployed a
very similar instrument on a summer-autumn Arctic Ocean
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crossing by the U.S. Coast Guard Cutter Healy. Their data
provide valuable insights into cloud and sea-ice interactions
with shortwave radiation. Regarding long-term observa-
tions, the U.S. National Science Foundation has maintained
a spectroradiometer covering ultraviolet and visible wave-
lengths at Barrow since 1991 [Bernhard et al., 2007]. This
data set has proven useful for determining ozone variability,
atmospheric transmission, aerosol attenuation, and cloud
optical depth at conservative-scattering wavelengths; how-
ever, it does not provide coverage out to near-IR wave-
lengths that contain information about cloud microphysical
properties. The broadband (pyranometer) shortwave mea-
surements from the NSA have proven useful for estimating
climatological cloud properties such as optical depth and
shortwave transmittance [e.g., Dong and Mace, 2003; Lubin
and Vogelmann, 2010]; but again, these measurements
contain no direct shortwave information about cloud phase
and particle size.

[5] Stratiform clouds are a major climatological feature of
the springtime Arctic [Intrieri et al., 2002], which com-
monly exhibit mixed-phase properties [e.g., Hobbs and
Rangno, 1998; Shupe et al., 2006]. Our objective here is
to investigate the influence of ice-water content on the
radiative properties of stratiform clouds during the Arctic
spring. The spectral shortwave irradiance measurements
allow us to determine when and to what magnitude the
cloud ice alters the reduction of surface shortwave radiation,
as compared with liquid-water clouds.

2. Data

[6] The Analytical Spectral Devices (ASD, Inc.) Field-
Spec ProJR spectroradiometer consists of three spectrometer-
detector modules that together cover the wavelength range
350-2500 nm. The instrument was enclosed in a tempera-
ture-controlled housing on top of the NSA guest facility
building. Data collection was continuous from 01 April to
31 May, 2008; the only interruptions being approximately
five minutes each morning for instrument hygiene checks and
data backup. To measure downwelling spectral irradiance,
the instrument was fitted with a radiometric cosine receptor
(RCR) that is transparent out to 2200 nm. Thus, some of the
2.2-pm window is not covered, but enough of this window
is sampled to provide useful cloud microphysical informa-
tion. The RCR is a transmitting diffuser type, with no external
dome. It is mounted directly on the weatherized instrument
housing, and connected to the spectroradiometer by fiber-
optic cable. Heating elements within the housing warmed the
RCR sufficiently to prevent ice or frost buildup during all but
the most severe precipitation events (in these cases, NSA
station personnel cleaned the instrument and kept mainte-
nance records). With cosine receptors of this type, angular
response is a potential source of error. According to infor-
mation provided by the manufacturer, the RCR’s deviation
from perfect cosine angular response in the spectral interval
400-1000 nm increases linearly from zero at overhead illu-
mination to approximately +10% at 60° illumination angle,
then decreases to zero for larger illumination angles up to 76°.
At 1600 nm, RCR angular performance is better, with cosine
error < +2% for illumination angles 0-60°, with degraded
performance to an error of —10% by illumination angle 76°.
Meywerk and Ramanathan [1999] evaluated the performance
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of a similar diffusing cosine receptor, and found that this
type of cosine response required corrections for clear-sky
irradiance (i.e., with prominent direct beam solar illu-
mination) of —0.3% for overhead sun up to —10.5% for solar
zenith angle 6, = 60°. In this study, we are considering only
diffuse radiation under overcast skies, and no attempt is
made to derive a correction for RCR cosine angular response
deviation.

[7] The instrument’s spectral resolution is approximately
3 nm between 350 and 1000 nm, and 10 nm between 1000
and 2200 nm. The spectrometer modules utilize linear
detector arrays (a Si photodiode array for 350—1000 nm;
two InGaAs arrays covering 1000-2500 nm) so that scan-
ning time is a very rapid 100 ms. Therefore, spectral irra-
diance data could be recorded in one minute averages
throughout the field program. In consultation with the
ISDAC Science Team when planning the field campaign, no
justification was found for higher time resolution sampling,
and the one-minute averaging was adopted to keep the data
volume manageable. The field deployment was short enough
that pre- and post-season instrument checkups and recali-
bration by the manufacturer were adequate to establish
NIST-traceable radiometric calibration. These ISDAC spec-
troradiometer data have been placed in the ARM archive,
along with a report on the calibration procedure.

[8] To interpret these irradiance spectra, we utilize three
supporting data sets from NSA. The first is the Active
Remotely Sensed Cloud Locations (ARSCL) data set
[Clothiaux et al., 2000], which provides high-time-resolution
masks of cloud layering and altitude through a synthesis of
lidar and radar data, with range gates having vertical resolu-
tion 45 m. The second is the Total Sky Imager (TSI) data set,
from which we identify overcast sky conditions. The third is
the set of twice-daily rawinsonde observations launched from
NSA. Using ARSCL, we identify scenes containing only a
single cloud layer having thickness between 45 and 3000 m
and cloud base < 1000 m. Thicker single-layer cloud decks
appear in the ARSCL data set, but it is possible that these
cases comprise multiple cloud layers with precipitation in
between. We label a scene as overcast if the TSI cloud
fraction is >95% in the 160° field of view, and >97% in the
100° field of view. The complementary criteria on horizontal
cloud fraction (TSI) and single-layered vertical cloud struc-
ture (ARSCL) should serve to obtain relatively uniform
cloud systems for our analysis. Cloud temperature is evalu-
ated as the average of the sonde temperature measurements
over the altitude range between the cloud base and cloud top
given by ARSCL. We therefore analyze only the spectral
irradiance data obtained under overcast skies having single-
layer clouds <3000 m thick.

3. [Evaluating Mixed-Phase Supplemental Ice
Absorption

[v] We wish to determine how frequently solar radiation
attenuation by single-layer stratiform clouds over Barrow
during April-May 2008 was influenced by mixed-phase
properties. To do so, we calculate a supplemental ice
absorption, Ay;, for each measured irradiance spectrum. The
theoretical basis is illustrated in Figures 1 and 2. These
calculations use a discrete-ordinates-based (DISORT) radi-
ative transfer model [Lubin and Vogelmann, 2007; Stamnes

2 of 7



D00T05

1 ' épticai dépth ' ' |
5 1
o
(&) - -1
et 0.8
= 5
kel
3 06 10 .
&,
A . WP N
5 20 2
= 04f A
° 30 effective radius \._.~ R
= (micron)
8 7
S 02 | —
2 :
= 11
oL— e ™~
500 1000 1500 2000 2500
wavelength (nm)

Figure 1. DISORT simulation of the spectral dependence
of liquid-water cloud attenuation of surface shortwave irra-
diance (relative to clear sky) as a function of cloud optical
depth. The surface albedo is that of new snow, and the solar
zenith angle 60°. For clarity, only the curves for optical
depths 2, 5, and 20 are fully shown. Solid and dotted curves
depict the flux ratio for droplet effective radius 11 and 7 pm,
respectively.

et al., 1988] with background aerosol attenuation, and with a
spectral surface albedo for new snow [Perovich et al., 2002]
that was previously found to be representative of Barrow
throughout April and May [Lubin and Vogelmann, 2010]. In
situ  spectral surface albedo measurements made by
Lyapustin et al. [2010] near Barrow during April 2008
confirm that the spectral albedo of new snow is appropriate.
In addition, we examined NSA measurements of broadband
surface albedo for April and May 2008, and found that the
surface albedo remains high and approximately constant
with time for the purposes of this study.

[10] Figure 1 shows how the spectral surface downwelling
irradiance varies over new snow as a function of cloud
optical depth, 7., for liquid-water clouds having effective
droplet radii, r,, of 11 yum and 7 pum, which are represen-
tative of clean-air and aerosol-activated Arctic stratus
clouds, respectively [Lubin and Vogelmann, 2006; Garrett
and Zhao, 2006]. In evaluating the droplet size distribu-
tion, we use a lognormal form with effective variance of
0.27, which is found by Garrett and Zhao [2006] to be
representative of Arctic clouds. In the visible portion of the
spectrum (e.g., <600 nm), the high surface albedo (0.98)
causes substantial multiple reflection of photons between the
surface and cloud base, yielding a weak dependence of sur-
face irradiance on cloud optical depth. At the slightly longer
wavelengths of 1022—-1033 nm, the albedo of the new snow
surface is substantially lower (0.72), yielding a greater sen-
sitivity in surface irradiance to cloud optical depth. At fixed
cloud optical depth, the difference in surface spectral irradi-
ance between the 7,= 11 ym and r, =7 pum cases is very small,
becoming noticeable (~13% in irradiance by 1500 nm) for
cloud optical depths 20 and higher. This is due to a small
difference in the near-IR single-scattering albedo between
these two liquid-water cloud cases. For example, at 1553 nm
the single-scattering albedos are 0.98925 and 0.99312 for the
re=11 ym and r, = 7 um cases, respectively.
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[11] At conservative scattering wavelengths (A < 1100 nm;
negligible absorption by hydrometeors) it makes essentially
no difference when retrieving 7. whether the cloud is liquid
water, ice, or mixed-phase. For example, at 1028 nm the
single-scattering albedos for the 7, = 11 ym and r, =7 pm
liquid-water clouds are 0.99939 and 0.99983, respectively,
while the single-scattering albedos for ice clouds having
effective particle sizes of 10, 30, and 50 um are 0.99972,
0.99925, and 0.99876, respectively. Thus, the differences in
single-scattering albedo for these five cases at 1028 nm are an
order of magnitude smaller than the differences between the
two liquid-water cloud cases at 1553 nm that gave rise to the
small surface irradiances differences shown in Figure 1.

[12] Figure 2 shows that in the near-IR windows the dif-
ference between liquid-water and ice refractive indices is
strongly manifested, even when the conservative-scattering
T. is held constant. For example, at 1553 nm the single-
scattering albedos for ice clouds having effective particle
sizes 10, 30, and 50 pm are 0.97088, 0.92284, and 0.88141,
respectively, in contrast to the single-scattering albedo of
0.98925 for the r,= 11 pum liquid-water clouds. In the 1.6-um
window, cloud ice water will always cause additional atten-
uation of surface irradiance, relative to a liquid-water cloud
having the same 7. This is not always the case in the 2.2-um
window. Ice clouds having larger effective particle size show
stronger attenuation than the liquid-water case at fixed 7, but
for smaller ice particles (~10 pum) the spectral irradiance is
very similar to the liquid-water case or even greater.

[13] We therefore calculate the supplemental ice absorp-
tion Ay; in a three-step process. In the first step, we deter-
mine the conservative-scattering cloud optical depth, 7., that
matches the model-calculated surface irradiance with the
measured surface irradiance in the 1022-1033 nm wave-
length band. In the second step, we calculate a theoretical
surface spectral irradiance Fry;(7., A) using that value of
7. and the same solar-illumination geometry, for a liquid-
water cloud having an effective droplet radius of 11 um. In
the third step, we integrate over the 1.6-ym window
(1374-1838 nm) both the modeled spectral irradiance
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Figure 2. DISORT simulation of downwelling surface
spectral irradiance in the 1.6 and 2.2 ym windows. The
cloud optical depth (conservative scattering) is 5 over a
new snow surface and the solar zenith angle is 60°. The
liquid-water cloud has an effective radius 11 um (solid
curve), and the ice cloud has effective particle sizes of 10,
30, and 50 pm (triangles, diamonds, squares, respectively).
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Figure 3. Time series of 5-min-averaged cloud optical
depth 7. and supplemental ice absorption A4, in the
1.6-um window, from the ISDAC “Golden Days” of
(a) 8 and (b) 26 April 2008.

under this liquid-water cloud and the measured spectral
irradiance FyA\), and then subtract the measured value
from the theoretical liquid-water-cloud value. We define
this difference as

~1838nm ~1838nm
ti= [ = [ Fax

1374nm 1374nm

which can be specified in W m 2 to directly note the effect
of cloud ice water on the surface energy budget for a
specific instance. Alternatively, 4,; could be specified in
percent (relative to the theoretical liquid-water-cloud
value) if one wishes to survey the entire data set and draw
conclusions that are not influenced by solar zenith angle
dependencies.

[14] To summarize, retrieving 7. in the wavelength
interval 1022-1033 nm utilizes an even more transparent
part of the spectrum than at most visible wavelengths (i.e.,
smaller Rayleigh scattering, no ozone absorption, and neg-
ligible water vapor absorption), and also takes advantage of
a lower snow surface albedo (0.72 versus 0.98), while still
working in a conservative-scattering regime for cloud
attenuation (i.e., negligible absorption by the cloud parti-
cles). Evaluating the supplemental ice absorption Ag; in the
1.6-pum window, relative to a clean-air liquid-water cloud
of the same conservative-scattering 7., will always yield
Az > 0 when ice is present in the cloud. We choose the
re = 11 pum cloud for the liquid-water reference case.
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During the Arctic spring, clouds may often experience
aerosol activation and have smaller 7,. However, Figure 1
shows that in the near-IR windows at fixed 7. a smaller
r. results in slightly less attenuation of the surface irra-
diance, not more. This means only that our procedure for
evaluating A4,; might slightly overstate the influence of
cloud-ice water on the surface irradiance if aerosol activa-
tion of the liquid-water droplets is present. Failure to
account for an aerosol indirect effect (i.e., ., < 11 um)
cannot yield a spurious detection of supplemental ice
absorption if only liquid water is present; instead, 4,; would
be slightly negative. Again, this is true because we hold the
optical depth 7. fixed in order to distinguish liquid-water
cloud from mixed-phase cloud attenuation. If we wish to
examine aerosol indirect effects in liquid-water clouds, we
would instead hold the cloud liquid-water path fixed. We
note that an actual effective radius 7, > 11 pum could yield a
spurious detection of positive A;.

[15] Finally, we note that the definition of A4, offers the
simplicity of not requiring explicit radiative transfer calcu-
lations for ice particles. Generally speaking, ice particle
shape and habit are important considerations when evalu-
ating the radiative properties of ice clouds, especially for
reflected radiances; although equivalent spheres (as used in
Figure 2) have validity for transmitted irradiances [Grenfell
and Warren, 1999; Neshyba et al., 2003] and in the near-IR
[e.g., Mitchell et al., 2011]. When evaluating the supple-
mental ice absorption, we only need to reference radiative
transfer simulations for idealized clean-air, liquid-water
clouds, for which Mie theory provides an acceptable
representation.

4. Results

[16] Figure 3 shows time series of our retrieved 7. (from
the 1022—-1033 nm irradiance) and Ay; (in the 1.6-ym win-
dow, integrated over 1374-1838 nm), in five-minute
averages, for the two ISDAC “Golden Days” [McFarquhar
et al, 2011]. On these days, single-layer, mixed-phase
clouds persisted over Barrow, which proved particularly
valuable as case studies for climate model parameterization
development. Throughout the daylight period of 8 April,
there are large oscillations in both 7. and A4;. This is consis-
tent with the wide variability in vertical velocity observed in
this cloud deck by the airborne X-band radar [McFarquhar
et al., 2011, Figure 12], which is associated with equally
rapid changes in cloud microphysical properties observed
from the Convair [McFarquhar et al., 2011, Figure 13]. 4, is
generally positive on 8 April, sometimes exceeding 8 W m =,
which indicates the strong role of ice absorption in regulating
the surface shortwave radiation budget. On 26 April, 7, is
generally larger than on 8 April. However, A;, while mostly
positive, remains of order 4 W m 2. This suggests a stronger
radiative role for cloud liquid water on 26 April, as compared
with 8 April.

[17] Figure 4 provides examples of F7y1(7., A) and Fj()\)
that illustrate how spectral liquid water and ice absorption
determine A, Two examples from the ISDAC “Golden
Days” are shown in Figures 4a and 4b. In both of these cases
Ay = ~20%. In situ aircraft measurements show that these
are both mixed-phase cloud layers. The ice particles cause
substantial reduction in the near-IR irradiance reaching the
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surface in both the 1.6 ym and 2.2-pm windows, but only
slightly alter the spectral shape compared with the theoret-
ical liquid water case for the same 7.. Figure 4c gives an
example under a warmer atmosphere in mid-May that is
probably mainly a liquid-water cloud. The cloud tempera-
ture 7, from the nearest rawinsonde, averaged over the
altitude range of the cloud specified by ARSCL, is 269.8 K.
In this example there is excellent agreement between
Frii(7e, A) and Fy(N). There is some discrepancy at the
edge of the 1.6-um window, in which the radiative transfer
model slightly overestimates the water vapor absorption
between 1381 and 1515 nm. The discrepancy in this
example is 0.62 W m 2, compared with the total irradiance
integrated over the 1.6-um window of 184 W m 2.
Uncertainty in water vapor absorption at the band edges
therefore introduces errors of order 3—4% in detection of 4,
which does not affect the conclusions of this study. Figure
4d depicts Fry1(7., A) and F()) in a cloud with consider-
able influence of ice (7. = 259.9 K and A4,; = 47.6%). Here
the spectral dependence in the measured irradiance is sub-
stantially different from the ideal liquid-water cloud case
throughout most of the 1.6-um window.

[18] In practice, we find that most of our A; detections
behave in a manner consistent with the examples of Figure
4. However, in a small number of cases the retrieved cloud
optical depth 7. is so large that A;; < —100%. It is likely that
these retrievals are not physically realistic, with the large 7.
resulting from measurement uncertainty and/or non-plane-
parallel radiative transfer effects in the real clouds. Based on
the maximum value from the climatology of Dong and
Mace [2003], we reject from further interpretation all
detections for which 7. > 40. This represents 3.1% of our
cases. For the cases we consider physically realistic, 18.3%
have —5% < A;; < 5%. We interpret these as clouds that are
mainly liquid water, which are reasonably well simulated by
our radiative transfer model. 4;; < —5% occurs in 15.7% of
our cases. These may represent liquid-water clouds with
ro < 11 um, or may be artifacts of retrieved 7. slightly
too large (again, due to measurement uncertainty or non-
plane-parallel effects). Further work in conjunction with
in situ aircraft observations at high time resolution over
the NSA site is required to fully understand these cases.
For the purposes of this study, we interpret these cases as
also representing liquid-water clouds, or at least clouds in
which liquid water dominates the attenuation of surface
shortwave irradiance. The remaining 55.9% of our cases
have 5 < 4;; < 53.8%. We interpret these as representing
mixed-phase clouds in which ice plays a noticeable role
in attenuating surface shortwave irradiance.

[19] Figure 4 indicates considerable information in the
slope of the spectral irradiance within the 1.6-pm window,

Figure 4. Examples of modeled (solid) and measured
(dashed) spectral irradiance, illustrating the behavior of sup-
plemental ice absorption A; (a) mixed-phase cloud from
ISDAC “Golden Day” with 7. = 5.9, 6, = 64.5°, T. =
260.8 K, and 4,; = 2.7 W m > = 20.8%; (b) mixed-phase
cloud from ISDAC “Golden Day” with 7. = 4.4, 0, =
57.5°, T.=259.9 K, and 4,; = 4.2 W m 2 = 20.2%;
(c) liquid-water cloud case with 7. = 5.6, 6, = 52.3°, T, =
269.8 K, and A; = 0; (d) heavily glaciated cloud with 7. =
5.4,0,=589° T.=259.9K, and 4,;=7.8 W m * = 47.6%.
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Figure 5. Supplemental ice absorption A; in the 1.6-pm
window as a function of the slope of the spectral irradiance
across the interval 1534—1593 nm; (a) for all observations
with 4 < 7, < 6; (b) for all observations with 9 < 7. < 11.

which McBride et al. [2011] have used to estimate 7, in
liquid-water clouds. The most significant variability occurs
over the approximate interval 1530-1600 nm. Here pure
liquid water and pure ice water induce slopes of opposite
sign. From Figure 2, we can estimate that at 6, = 60° and
T. =5, the slope of the spectral irradiance in this interval is
of order =9 x 107> for the liquid-water cloud. This slope
varies with both 6, and 7., but is always negative for
liquid-water clouds. The presence of ice in various con-
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Figure 6. Supplemental ice absorption Ag; in the 1.6-um
window, averaged over 12-h periods centered on the times
of rawinsonde launches, as a function of average cloud tem-
perature T, from the sonde profiles. Error bars are £1o.
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clarity.

centrations and particle sizes may make the slope less
negative than the pure liquid water case, or may make it
positive. In Figure 5, the supplemental ice absorption A
is plotted as a function of the measured slope across the
interval 1534-1593 nm, for two small ranges of 7.
Comparing these with Figure 2, and with the Fz (7., )
calculations of Figure 4, we see that slopes in this interval
of =5 x 10> and smaller are associated with A,; closer to
zero. Flatter and eventually positive slopes are associated
with larger and positive 4,;.

[20] In Figure 6 we show A as a function of average
cloud temperature 7c estimated from the nearest sonde
profile. Time averages are over periods as long as 12 h. In
Arctic mixed-phase clouds, there is no simple or straight-
forward relationship between cloud temperature and either
ice concentration or ice particle size. Therefore we expect
the considerable scatter that appears in this plot. However,
there is a noticeable trend in decreasing 4,; with increasing
T. (R =0.37), with T, > 270 K showing 4 close to zero as
we would expect for mainly liquid-water clouds. In Figure 7
we show Ay; plotted against 7., both quantities averaged as
in Figure 6. There is a decreasing trend in A with
increasing 7. (R = 0.68), which may arise for two reasons.
First, our 7, retrievals show a slight tendency toward larger
overall values in May (warmer atmosphere) than in April
(colder atmosphere). Second, for stratiform clouds with
larger 7., liquid water may play a much larger role than ice
in governing the surface shortwave irradiance.

5. Conclusions

[21] Compared with liquid-water clouds of the same (A <
1100 nm) optical depth, mixed-phase clouds during the
Arctic spring cause a greater reduction of surface shortwave
irradiance. This additional reduction, or supplemental ice
absorption, is typically ~5 W m ? near solar noon over
Barrow, and decreases with increasing solar zenith angle.
However, for some cloud decks this additional absorption
can be as large as 8-10 W m 2. Both the overall magnitude
of the irradiance reduction in the 1.6-um window (relative
to pure liquid-water cloud) and the slope of the spectral
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irradiance for wavelengths between ~1530—-1600 nm can be
used to distinguish between mixed-phased clouds and
clouds behaving mainly as liquid-water clouds. The mag-
nitude of the supplemental ice absorption is a complicated
function of the partition between cloud liquid and ice water
content, the liquid-water droplet size distribution, and the
ice-particle size distribution. Further intercomparison of the
spectroradiometer data with specific aircraft measurements
may help untangle this complexity.

[22] Overall, 34% of our spectral irradiance measurements
under single-layer, overcast cloud decks (identified by
ARSCL and the TSI) appeared to be consistent with liquid-
water clouds, or clouds whose radiative properties are
dominated by the liquid phase. The rest of the cases were
highly consistent with mixed-phase clouds in which ice
particles play a significant role in regulating shortwave
radiation at the surface. These surface-spectral-irradiance
measurements from ISDAC therefore underscore the
importance of mixed-phase cloud properties in under-
standing the atmospheric energy balance and climate of the
high Arctic.
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